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ABSTRACT: SDL has used internal funds to develop a prototype low-cost 2-axis fine steering mirror (FSM) as an
enabling technology for smallsats. The FSM has a lightweight high-reflectance mirror, high angular deflection
capability for along-track ground motion compensation and cross-track pointing, and a high bandwidth to help
cancel unwanted jitter. Key performance parameters are: Clear aperture, 75 mm; along-track angle, ±30 deg
(mechanical); cross-track angle, ±60 deg (mechanical); slew rate, greater than 75 deg/sec; bandwidth, 70 Hz; steadystate average error, as good as 1 arcsec; average power dissipation, 0.4 Watts; and total mechanical mass, 1 kg. The
FSM makes use of off-the-shelf components as much as possible. Key components for the along-track (elevation)
axis include a rotary voice coil and a unique non-contact feedback sensor. The cross-track (azimuth) axis features a
brushless DC motor and a high-resolution optical encoder. Rapid prototyping, autocoding, and real-time hardwarein-the-loop (HIL) testing were used to develop the control algorithms. The cost for the first prototype (including
labor and materials) was about $200K.
INTRODUCTION
A challenging mission for cost-conscious smallsats is to
accurately point a camera and capture high-resolution
images. This is usually due to the high cost of a
precision attitude control system (ACS) to point the
bus, perform ground motion compensation (GMC), and
minimize jitter. Instead of pointing the entire bus, it
would be advantageous to use a fine steering mirror
(FSM). However, FSM’s for smallsats are typically
not an option because of their cost and added
complexity. A price tag of $2M is not uncommon.
Therefore, SDL made the decision to use internal funds
to develop a prototype low-cost 2-axis FSM (Figure 1)
as an enabling technology for smallsats.
SDL has gained extensive experience with FSM
technology from a number of programs. Under
SABER (Sounding of the Atmosphere using Broadband
Emission Radiometry), SDL developed a successful
single-axis scan mirror with a 112-mm aperture. It uses
a brushless DC motor, an optical encoder, and solidlubricant bearings. It has an accuracy of 3 arcsec and
has been working for over 4 years on orbit. An
internally funded program, CAJIS (Cryogenic Active
Jitter Isolation System), focused on the development of
a process to understand and actively control jitter in
optical systems. Products of this effort included a
rapid-prototyping methodology (RPM, described in
more detail below), an experimental testbed with realtime hardware-in-the-loop (HIL) testing, and a singleaxis FSM. The CAJIS FSM features a magnetostrictive
actuator for cryogenic operation, and demonstrated
500-arcsec deflection with a bandwidth of 300 Hz.
Further application of RPM and the jitter testbed
occurred on the SOFIE (Solar Occultation for Ice
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radiation hardness, outgassing, accuracy, bandwidth,
and durability.

Experiment) pointing control system, which utilizes a
2-axis FSM from a subcontractor and an outer pointing
control loop, and achieves image stabilization within 3
arcsec. The SOFIE payload has been delivered and is
scheduled to fly on the AIM spacecraft later this year.
Other SDL programs that have incorporated FSMs are
SPIRIT III, GIFTS, and WISE.

To meet the aperture and bandwidth goals, the mirror
needed to be lightweight, and yet still low cost.
Mirror trades included several materials (Be, Al, SiC)
and the type of shaft connection (bonded, bolted, or
integral). The final selection was a lightweighted Al
mirror for low-cost, and a bolted connection to
facilitate future design changes.

For over 30 years, SDL has built Michelson
interferometers that use mechanism technologies
similar to those used in FSM’s. The moving mirror
porch-swing mechanism incorporates flexural pivots
and LVDTs. The tip-tilt alignment mirror uses stepper
motors, precision gearing, and a spring-loaded ball joint
yoke.

The requirements for the elevation axis are
characterized by a smaller deflection angle than the
azimuth axis and high bandwidth. For the elevation
axis bearing, options considered were flexures,
flexural pivots, and conventional ball bearings.
Flexural pivots were chosen based on their high
deflection capability, negligible friction, and SDL’s
extensive experience with these devices in the
Michelson interferometer.

GENERAL REQUIREMENTS
Since the FSM was being developed on internal funding
as a generic mechanism and was not intended for a
specific program, SDL engineers met with management
to discuss the approach and establish top-level
requirements and performance goals.
The broad
category of FSM technology includes both small
mirrors with small deflections and high bandwidths for
jitter control, and larger mirrors with large deflection
capability for scanning and pointing. The consensus
was that the FSM should be a 2-axis scan mirror with
large deflections and capable of operating in space.

Actuator choices for the elevation axis included piezo
actuators, magnetostrictive actuators, voice coils,
brushless DC motors, and stepper motors. A rotary
voice coil was chosen primarily for its favorable ratio
of rotation angle to package size, since only a limited
rotation was required. Other advantages to the rotary
voice coil are simplicity, low cost, and high
bandwidth potential.
The feedback sensor for the elevation axis was
selected from the following options: non-contact
proximity transducers (inductive or capacitive), strain
gages, optical encoders, resolvers, and inductosyns.
Inductive non-contact sensors were chosen for their
low weight, compact packaging, low cost, high
resolution, and SDL’s related experience.

Requirements from a number of actual programs were
obtained and compared. As a result, several general
performance goals were established. An angular
position accuracy around 1-2 arcsec was desired to
minimize jitter. A clear aperture of 75 mm was chosen
as a good starting point, with the intention that the final
design be scalable to larger apertures. It was also
envisioned that the FSM would need ±15 deg deflection
in the elevation axis to perform GMC along the ground
track, and the azimuth axis would need ±60 deg to
achieve both off-track pointing and the ability to rotate
far enough to view an on-board calibration source. A
high bandwidth approaching 70-100 Hz was desired to
enable some jitter control during pointing and scanning.

The azimuth axis requires much larger deflections
and needs to move a larger inertia. Consequently, the
bearing trades were more limited to ball bearings and
gas bearings. Ball bearings were chosen due to their
extensive heritage in space and SDL’s experience
base. Actuator options were brushless DC motors
and stepper motors. Brushless DC was chosen for its
high bandwidth and accuracy capabilities. Feedback
device options were encoders, resolvers, and
inductosyns. An optical encoder was chosen for high
accuracy, low mass, and related SABER experience.

The final performance parameters achieved are
tabulated in the section below describing the test
results.
TRADE STUDIES

A launch lock will eventually be needed to prevent
damage to the mirror and mechanism. Options
include a permanent magnet (as is used on the
SABER scan mirror), a shape-memory alloy pinpuller (like the one used on the SOFIE aperture
cover), a wax actuator (as is used on the SABER

A number of trade studies were performed for bearings,
actuators, and feedback sensors. In several instances, a
weighting matrix was set up and scores were given to
the candidates based on cost, power, temperature range,
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Triangular cells were selected over hexagonal or
square cells as they are considered to be the optimum
cell geometry according to Vukobratovich in the
Opto-Mechanical
Engineering
Handbook.
Triangular cells also work well in providing a
uniform distribution of ribs across the part and
providing structure for mounting features.

aperture door), and a proprietary passive pin-puller
concept. Because of limited funding and low risk, due
to considerable heritage at SDL, a launch lock was not
developed any further on this year’s program.
DESIGN DESCRIPTION
Mirror Design

Mounting of the mirror is accomplished on four
flexure isolated pads in the center of the mirror back.
The mounting pads require flexure isolation to reduce
mounting distortion of the optical surface; however,
the level of isolation or the stiffness of the flexures
must balance mounting distortion isolation and
mirror modal response. Finite element analysis
(discussed later in the paper) was used to find the
optimum performance balance for the scan mirror
application.

The flat mirror geometry is designed to provide a 75
mm aperture when scanned to an extreme 60 deg
optical angle (30 deg mechanical angle). The flat
mirror is an ellipse with a 75 mm by 150 mm elliptical
clear aperture. The light-weighting requirement for high
bandwidth, as well as thermal considerations
necessitated using an open back form as shown in
Figure 2. The open back form provides a 60%
reduction in mass compared with a solid mirror with the
same geometry.
Total mirror mass is 0.16 kg
corresponding with a 17 kg/m2 optical surface area
mirror density.

Mirror Surface Finish
The mirror surface is fabricated using Single Point
Diamond Turning (SPDT) combined with post
polishing. An RMS surface roughness better than 20
angstrom is obtained utilizing a post polishing
method termed VQ for “Visible Quality”. This
process aids in the removal of the grooves typical
from SPDT as shown in Figure 3.

Triangular Cell
Open-Back Design

Published results from BRDF testing shows the VQ
polished mirrors perform an order of magnitude better
than regular aluminum SPDT mirrors (see Figure 4).
The RMS surface figure of the mounted mirror was
measured at 210K to be near 1/12 wave HeNe. This
shows the capability of this mirror to hold good optical
figure. Test and analysis results are discussed in detail
later in the paper. Table 1 summarizes the optical
performance specifications.

Figure 2. Back View of Mirror Showing
Triangular Rib Structure

Figure 3. VQ Polishing Results (Courtesy of ELAN Optical Technologies
Wassom
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BRDF at 5 AOI at 0.6328 microns
VQ, DPT Alumiplate, DPT AL6061 - Max Scatter Planes
1.00E+01
DPT AL6061

1.00E+00
DPT Alumiplate

Abs (BRDF)

1.00E-01
Standard VQ

1.00E-02

Enhanced VQ

1.00E-03

1.00E-04

1.00E-05
1

10

100

Angle from Specular (degrees)

Figure 4. BRDF Data Comparing VQ with DPT and Alumiplate Surfaces (Courtesy ELCAN Optical
Technologies)
Elevation Axis
Table 1. Mirror Optical Performance
Specifications
Description
Specification
Mirror Mass
0.16 kg
Operating Temperature
210K
Optical Aperture @60
75 mm
deg Optical Angle
RMS Surface Figure
< 1/10 waves
HeNe
RMS Surface Roughness < 20
angstroms

The elevation axis uses a rotary voice coil actuator to drive
the mirror. The moving coil itself and the mirror are both
bolted to a mirror mount, which is supported on flexural
pivots. The pivots and the voice coil magnets are mounted
to a compact U-shaped yoke. The actual mounting scheme
for the pivots is the same that is used in SDL’s Michelson
moving-mirror interferometers. The pivots were sized to
support the rotating mass without failure during a
representative launch load, and to ensure virtually infinite
life during on-orbit duty cycles.

The feedback device for the elevation axis is unique and is
currently protected by a provisional patent. In this angular
measurement device (called the wedge sensor), two non-contact inductive displacement transducers are arranged in
opposition facing a moving target wedge made of aluminum. This is shown in Figures 5 and 6. These transducers
exhibit excellent resolution and repeatability over a limited range. The precision wedge extends the range of the
non-contact transducers by converting angular motion to limited linear motion. Using two opposed transducers
minimizes the sensitivity of the device to relative displacements out of the plane of symmetry of the wedge (wobble,
vibration, misalignments, etc).
As the mirror rotates about the elevation axis, the wedge passes between the inductive transducers. This can be seen
more clearly in Figure 6. This angular movement changes the air gaps between the wedge and the two transducer
faces. SDL’s wedge sensor captures this rotary motion with high resolution and repeatability.
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Transducer

Wedge

Figure 6. Close-up of Wedge Sensor, Showing
Precision Wedge and Displacement Transducers

W edge

disturbances. This allows the wedge sensor to provide the
FSM with a high-resolution and repeatable measurement
over a total mechanical elevation angle of ±15 degrees.
Figure 5. Wedge Sensor on Elevation Axis
Nonlinearity in the wedge sensor over the large
deflection angles was mapped using a theodolite.
This map was incorporated into the elevation axis
control algorithm.
Other changes in the
characteristics of the wedge due to temperature could
also be mapped or compensated with the attachment
of a temperature probe.
The wedge sensor
electronics also exhibit some drift with temperature,
which could similarly be mapped and calibrated.
Such multi-variable mapping would increase
accuracy.
Mapping is not the only solution for improving the
performance of the wedge sensor. Higher-grade noncontact displacement transducers are available, some
with temperature compensation built in. Drift is not
an issue if an outer pointing loop is used for absolute
pointing accuracy, as was done in the SOFIE pointing
control system. Notwithstanding the temperature
drift, the closed-loop absolute pointing accuracy of
the existing wedge sensor at room temperature was
measured with the theodolite to be about 0.03 deg
without an outer loop. This is more than adequate for
many small spacecraft pointing applications.

Azimuth Axis
The azimuth axis is driven by a commercial off-the-shelf
(COTS) system consisting of a brushless DC motor, an
optical encoder, and ball bearings. The output shaft of the
motor is connected to the yoke supporting the elevation
axis. The optical encoder has a resolution of 4.5 arcsec
per count. Although this drive system is not designed for
space, it uses the same type of components as to SDL’s
SABER scan mirror drive system, which has been
operating flawlessly for over 4 years in orbit. Upgrading
the azimuth axis to space-worthiness has low risk.
Electronics
Two independent sets of electronics are used to drive the
azimuth and elevation motors. The azimuth motor is
driven using a commercial linear brushless servo
amplifier.
This amplifier allows for sinusoidal
commutation of the motor by taking two input drive
sinusoids from the motion control algorithm that are 120°
apart in phase. The frequency of the input sinusoids
determines the speed of the motor and the amplitude is
proportional to the commanded torque. The amplifier
then takes these two command signals and outputs the
three phases for the motor at a ratio of 1 amp to 1 volt.

In summary, the wedge sensor is an innovation which
capitalizes on the resolution and repeatability of noncontact displacement transducers. The wedge sensor
improves on the sensing range of these transducers,
and reduces sensitivity to out-of-plane motion

The elevation motor uses a simple amplifier circuit based
on an operational amplifier (See Figure 7). The amplifier
is specifically designed for high voltage/current
applications that can drive resistive, inductive, and
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capacitive loads. This configuration allows for 1 amp
of current for a 10 volt input drive signal.

0.27uF

1k

As described in further detail in the section below on
“Control System Development”, the control
algorithms are implemented in a graphical software
block diagram on a Windows-based host personal
computer (PC). This computer interfaces with the
hardware using a second “target PC” with a PCI A/D
card, a PCI D/A card, a PCI quadrature encoder card,
and a real-time operating system (OS). The output of
the PCI D/A card interfaces with both the custom and
off-the-shelf motor drivers that control the FSM
azimuth and elevation motors. The elevation wedge
sensor data is digitized with the PCI A/D card, and
the azimuth position sensor uses the PCI quadrature
encoder card for position information from the
optical encoder.
Thermal Design
Thermal control for the FSM presents two principle
challenges: maintain the mirror at a minimum
temperature, and minimize thermal gradients across
the face of the mirror. The first is challenging due to
the warm operational temperature required for the
optical encoder in the azimuth motor. The second
challenge is related directly to optical performance,
due to the optical distortions caused by thermal
gradients. The thermal control approach balanced
performance and design complexity for a robust
design.
The resulting passive thermal design uses thermal
coatings and thermal isolation to maintain target
temperatures. The rear face of the mirror uses a black
coating to maximize radiation transfer with cold
baffle surroundings. The edge of the mirror has a
highly reflective coating to minimize the heat
absorbed from warm external sources, such as the
Earth.
The targeted operating temperature for the mirror is
210 K, while maintaining thermally induced
deformations on the mirror face to less than or equal
to 100 nm (peak to valley). The elevation motor can
operate at low temperatures, while the azimuth motor
has an operating temperature range of 273 to 313 K.
The thermal design accommodates the motor
operating temperature ranges by allowing the
elevation motor to float with mirror temperatures
while the azimuth motor is thermally isolated and
mounted to a warm base plate.

+20V
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+
20k
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20k

-20V

0.25

M

1k
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Figure 7. Elevation Axis Amplifier
located just outside the baffle with only the motor shaft
passing through the baffle. The temperature of the baffle
was one of the input parameters that were varied within
the analysis trade space. The mirror is also thermally
isolated from the mirror yoke by the flexural pivots used
to allow the mirror to rotate in elevation.
STRUCTURAL/THERMAL ANALYSIS
Mirror Modal Analysis
Finite Element Analysis (FEA) was used to predict the
modes of the mirror. The high control system bandwidth
near 70 Hz made it necessary that the mirror modes be
considerably higher.
The FEA model consisted of solid parabolic tetrahedral
elements. Radius features were generally removed from
the part to reduce the meshed model size. The radii were
left around the flexures where the modal response is more
sensitive to geometry.
The model is constrained in translation and rotation at the
center of each mounting hole. Rigid elements connect the
center node to the circumferential area of each hole.
A normal mode analysis was run. Table 2 lists the mode
shape descriptions. Figures 8 through 10 depict mode
shapes 1 through 3. The results show that the first mode
is a torsional mode about the Z-axis, at 270 Hz. The
majority of the deformation and strain energy is in the
flexure mount.

To minimize mirror temperatures, a cool baffle was
assumed to surround the unit, with the azimuth motor

Mirror rocking about the Y-axis gives us the second mode
at 390 Hz. Once again, flexure deformation drives the
mode. Mode 3, at 1230 Hz, is a Z-direction translation,
producing a piston-like mirror deflection. In addition,
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Table 2. Mirror Modes Summary
Mode Shape Number/Description

Frequency (Hz)

1 Mirror torsional, about Z-axis

270

2 Mirror rocking, about Y-axis

390

3 Mirror vertical or Z-direction translation, with mirror bending (saddle mode)

1230

4 Complex X-direction side to side translation with mirror surface bending/waves
5 Complex Y-direction side to side translation with mirror surface bending/waves

2700
2900

6 2nd Saddle mode

3100
Mirror Mounting Distortion Predictions
Mounting distortion induced wave-front error (WFE) is
caused when non-flat surfaces are mated together with
bolt preload, producing strain in the mated parts. FEA
was again used to predict optical surface displacement.

Figure 8. Mirror Mode 1, Torsional About Z-Axis,
270 Hz

Figure 9. Mirror Mode 2, Rocking about YAxis, 390 Hz

In this analysis the problem is simplified by assuming that
the combined worst case flatness tolerance of the two
mating surfaces produces a Z-axis forced displacement of
the mounting surface. The mounting pads on the mirror
have a coplanarity requirement of 80 micro inches. The
mating surface is assumed to have a coplanarity or
flatness of 500 micro inches. Conventional machining
can get surfaces as good as 300 micro inches in flatness.
This approach conservatively assumes that all the strain
occurs in the mirror as if it were mated to an infinitely
stiff part.
Optical surface deformations from each of the enforced
displacements are then transformed into surface normal
interferometric space using Zernike polynomial fitting.
Piston and tilt can then be subtracted, resulting in WFE
due to mounting distortion. The results show that
distortion in the mirror is dominated by astigmatism and
tetrafoil. Predicted surface normal displacements are
shown in Figure 11 with the dominant aberrations
identified in Table 3.
Other sources of mounting distortion are mitigated
through proper assembly operations enabling stress free
assembly of the mirror.

Figure 10. Mirror Mode 3, Vertical Z-axis
Translation with Bending, 1230 Hz (Saddle
Mode)

Mirror Thermal Elastic Predictions

mirror bending is excited in Mode 3, producing a
mirror saddle mode. This first saddle mode is near
2000 Hz when the mirror is in a free-free state.

FEA was again used to predict elastic distortion caused by
thermal gradients across the mirror during operation in
space. Coefficient of thermal expansion (CTE) mismatch
at the mounting interfaces has no impact given that the
mating materials are aluminum. The modeling and
assumptions of this analysis including the detailed results
are discussed in the FSM thermal analysis section below.
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Table 3. Zernicke Polynomial Coefficients Ordered by Highest Contributor
Standard Zernike No.
14
6
27
26

Zernike Description
2nd order Astigmatism y
1st order Astigmatism y
2nd order Tetrafoil y
rd
3 order Astigmatism y

RMS WFE (waves HeNe)
0.018
0.017
0.005
0.005

FSM Thermal Analysis

Figure 11. Predicted Surface Normal
This analysis is very important given the difficulty of
testing the mirror in the space operational
environment.
The thermal elastic analysis predicts a peak-to-valley
(PV) sag (Z axis on a flat mirror) of 22nm or 1/29th
wave HeNe (see Figure 12). This distortion is very
small and should not be a factor in maintaining a
good optical figure in operation.

Thermal simulation of the FSM in a representative orbit
was used to evaluate expected performance within the
analysis trade space. Figure 13 shows the FEA model for
thermal analysis. For the simulation, the representative
orbit was a nadir-pointing low-Earth orbit (LEO).
Standard minimum and maximum values were used for
long-wave infrared heat from the earth and for reflected
sunshine. Diurnal temperature profiles for the system as
well as a detailed mapping of temperature variation across
the face of the mirror were the principle outputs from the
thermal simulation. The thermal output was then used for
thermal elastic analysis to evaluate the predicted optical
distortion of the mirror face (see section above entitled
“Mirror Thermal Elastic Predictions”).
Thermal analysis results showed the two most sensitive
elements of the thermal design were the level of thermal
isolation between the yoke and the azimuth motor and the
baffle temperature. These parameters were the principle
drivers in determining the operational temperature of the
mirror. Because the gradients across the mirror are
affected by the overall mirror temperature, the optical
distortion was weakly coupled to the same parameters,

Figure 12. Sag (meters) of Optical Surface due to Thermal Elastic Deformation
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CONTROL SYSTEM DEVELOPMENT
Instead of following a traditional waterfall or serial
development process for the elevation and azimuth
closed-loop control algorithms, SDL developed and used
the spiral development process shown in Figure 15. This
process, with the acronym Rapid Prototyping
Methodology (RPM), can be quickly iterated due to its
software-driven nature. It is based on a family of
industry-standard tools with virtually seamless interfaces.
Customized features have been developed specifically for
space-based optical pointing systems. These features
include: integrated end-to-end modeling, co-simulation,
and 3-D visualization of structural and system dynamics,
controls, and optics; automatic C-code synthesis from
block diagrams; real-time hardware-in-the-loop (HIL)
testing; dynamic automated ray tracing, and a
customizable GUI to monitor testing and change control
parameters “on the fly.”

Figure 13. FSM Thermal FEA
Model
showing small changes as the mirror temperature and
baffle temperature varied. Table 4 shows various
amounts of isolation and baffle temperatures and the
resulting mirror temperature and optical distortion. A
typical diurnal temperature profile during one orbit,
and the resulting thermal gradients across the mirror
face are shown in Figure 14.

There are 6 main tasks in RPM that feature requirements
definition, trade studies, design, analysis, simulation,
automatic code generation, testing, and implementation.
Eventually, the block diagram transforms from a virtual
model of the system to the complete integrated assembly.
The control algorithm is then embedded in the actual

Table 4. Results of Thermal Analysis
Units
Case 1
Azimuth motor / yoke isolation
W/K
0.019
Baffle temperature
K
160
Average mirror temperature
K
210
Mirror face gradient
K
0.11
Mirror face distortion Z-dir*
nm
43

Case 2
0.007
160
201
0.08
27

Case 3
0.007
180
210
0.07
22

Mirror Temperature
Diurnal Variation - One Orbit
210.6

Temperature (K)

210.4
210.2
210.0
209.8
209.6
0
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90

Time (minutes)

Figure 14. Typical diurnal temperature profile (left) and thermal gradients across mirror face (right)
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flexible- and rigid-body representations of all components
(mirror, mirror flexure, flexpivots, actuators, etc.).
Figure 16 on the right side shows the top-level hierarchy
of the block diagram simulation of the FSM control
system with the dynamic model embedded for cosimulation. Each of the blocks shown has detailed
algorithms and calculations within it. Analytical tools in
the software were used to determine the control gains,
shape the open- and closed-loop responses, and simulate
the step response and frequency response.

3. Control
Algorithm
Design,
Analysis,
Simulation &
Visualization

ITERATIONS &
REFINEMENTS

6. Full
System
Verification
via
Embedded
Code Testing

5. Subsystem
Verification via
Hardware-inthe-Loop
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TEST RESULTS AND MODEL VALIDATION
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Mirror Surface Figure Testing
Surface figure tests were performed on the mirror to
better understand the optical performance and validate the
predictions. Mounting distortion and thermal elastic
distortion at cryogenic temperatures were tested using a
commercial Zygo Fizeau interferometer.

Figure 15. SDL’s Rapid Prototyping
Methodology (RPM) for Control Systems
computer.
The advantages of RPM include:
• virtually no software written by hand
(except for occasional device drivers)
• substantial savings of time and money in
code generation (factors of 3 to 10 have
been claimed by the user community)
• short iteration cycles that result in early
problem identification and solution
• changes can be made early in the design
cycle at the component level before
committing to the full system
Figure 16 on the left shows the multi-body dynamic
model of the FSM. This high-fidelity model includes

The test setup (see Figure 17) consisted of mounting the
mirror in a bell jar test chamber on an optical bench. The
mirror is insulated and baffled to reduce thermal gradients
during testing. The mirror looks out the bell jar window.
The interferometer is set up to view the test mirror
through a fold mirror. The fold mirror is
necessary to adjust tilt on the mirror as it is very difficult
to move the large bell jar or the interferometer in fine
increments.
It should be noted when viewing the test results that the
interferometer only spans 100 mm of the 150 mm
elliptical test mirror aperture. The test mirror aperture
outside the 100-mm center was tested separately with the

Figure 16. FSM Dynamic Model
Wassom
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Bell Jar Chamber

Interferometer

Fold Mirror

Test Mirror

Figure 17. Mirror Surface Figure Test Setup
results showing a more behaved WFE. Also, WFE
from the fold mirror was not removed from any of
the results.
Room temperature tests were performed with various
mounting torques applied to the mirror.
The
interferometric results show very little distortion
from mounting. Figures 18 and 19 show the WFE
prior to applying torque, and after applying 96 in-oz
to the number 4 screws. The RMS WFE error for
both tests is essentially 0.025 waves HeNe. The
circular grooves noticeable in the interferogram are
residual SPDT marks in the mirror. The polishing
house is confident that these marks can be polished
out of future mirrors.

The mirror was then cooled with liquid nitrogen. Testing
the mirror over temperature showed that WFE is
dominated by power. The power is associated with the
CTE mismatch of the VQ coating and the aluminum
substrate producing bending in the mirror at the low
cryogenic temperatures. The aluminum shrinks more at
cold temperatures due to its larger CTE producing a
slightly convex mirror. This bimetallic bending is much
less than is typically seen with nickel plated mirrors.
Figures 20 and 21 show the mirror shape changing from
concave at 292K to convex at 186K. RMS WFE error
measured at 292K and 186K were 0.039 and 0.106 waves
HeNe respectively.
Figure 22 shows the RMS, PV, and Power WFE from
292K to 141K. Using this data, the RMS WFE at the
required operating temperature of 210K is linearly
interpolated to be nearly 1/12th wave HeNe.
The mirror retained a very good figure at 141K with a
deformation shape nearly identical to the 186K
measurement and a 1/8 wave RMS WFE.
At
temperatures lower than 141K, the WFE did not increase
noticeably. Wave front measurements were measured as
low as 92K with very similar performance as seen at
141K. Transient thermal gradients affected the accuracy
of this data.

Figure 18. Mounting Distortion Test, No Torque Applied

Figure 19. Mounting Distortion Test, 96 in-oz Torque Applied
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Quilting or rib print-through was not detectable in the
testing even at temperatures as low as 92K.
However, the mirror does show substantial high order
WFE.
The mirror surface figure exhibits great stability
under mounting and cryogenic temperatures with
some expected but very small bimetallic bending of
the optical surface.
At the 210K operating
temperature the RMS WFE is near 1/12 wave HeNe.

small-angle frequency response. The frequency response
tests were performed using a control systems analyzer,
which excited each axis with a sine sweep of 100 arcsec
amplitude and a frequency range from 1 Hz to 1000 Hz,
and analyzed the resulting waveforms for gain and phase
shift. This data was then plotted in a typical Bode plot.
The analyzer was also used to test individual components
and subsystems and thus obtain their open-loop transfer
functions, which were then implemented in the model.

Control System Performance Testing
Considerable testing was performed to quantify the
control system performance. The real-time HIL tools
of the RPM process were used to test and optimize
the control laws for both the elevation and azimuth
control loops. A graphical block diagram, similar to
the one in Figure 14 but with added input and output
capability, was used to monitor the performance and
change the control parameters “on the fly” as the tests
were running.
Tests performed included large and small steps, and

Figure 20. Interferometric Measurements at 292K

Figure 21. Interferometric Measurements at 186K
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Mirror WFE At Cryogenic Temperatures
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Figure 22. Mirror WFE at Cryogenic Temperatures
Figure 23 shows the response of the azimuth axis to a
30-deg step and compares it to the prediction from
the simulation. An excellent match was obtained,
thus validating the model. The response is wellbehaved with little overshoot, and the error between
command and position disappears as time increases
due to the integrating nature of the control law. The
average slew rate from 0 to 100% of the commanded
angle is 164 deg/sec.

Figure 25 shows the small-angle step response in the
azimuth axis. The noise is more noticeable due to the
small angles. The model again matches the data well. It
is evident that the only noise is the encoder toggling by
one bit, or 4.5 arcsec.

The elevation axis response to a large-angle 10-deg
step command is shown in Figure 24 and compared
to the model. Again note the excellent match
between data and simulation. The achieved slew rate
is 76 deg/sec.

The small-angle response for the elevation axis is given in
Figure 26. Overshoot is more noticeable in this instance,
but the system is stable and the error integrates out to near
zero. The noise in this axis is discussed in a paragraph in
the summary below.
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Figure 23. Azimuth Axis Large-Angle Step Response
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Figure 24. Elevation Axis Large-Angle Step Response

Wassom

14

20th Annual AIAA/USU
Conference on Small Satellites

SSC06-VIII-7
0

command
data
simulation

-50

-100

Azimuth Angle (arcsec)

-150

-200

-250

-300

-350

-400

-450
-0.05

0

0.05

0.1

0.15

0.2
0.25
Time (sec)

0.3

0.35

0.4

0.45

Figure 25. Azimuth Axis Small-Angle Step Response
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Figure 26. Elevation Axis Small-Angle Step Response
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PERFORMANCE SUMMARY
Table 5 summarizes the performance of the final
prototype in key areas.
The mass total is only for the mechanical parts and
does not include the electronics, since the electronics
are only breadboard at this stage of the development.
The average power was determined from the
simulation by commanding both axes to perform
continuous simultaneous slow scans, as would be
used for GMC. The peak power was obtained by
commanding both axes to do a large-angle step
simultaneously.
The error mean and standard deviations were
calculated using the statistics of the angular position
data at the end of a 10-second step-and-hold for both
large and small steps, like those shown in Figures 23
through 26. This is not absolute mirror pointing
accuracy, but rather the error between the
commanded angle and the angle measured by the
encoder for azimuth and the wedge sensor for
elevation. Absolute pointing accuracy, as measured
with the theodolite, was about 0.03 deg at room
temperature.
The azimuth error is largely due to the limited counts
of the encoder, 288000 counts, over 360 deg of
rotation, which results in 4.5 arcsec/count. The
encoder toggles by one count during steady-state,
resulting in the error.
The elevation axis is extremely repeatable, as shown
by the small mean error; however, the noise,
represented by the error standard deviation, is larger
than desired. The noise is evidently the worst in this
Table 5. Performance Specifications of Final
Prototype
Specification
Aperture (mm)
Mass (electronics not included) (kg)
Avg. Power (W)
Peak Power (W)
Azimuth Rot. (mechanical deg)
Elevation Rot. (mechanical deg)
Azimuth Error Mean (arcsec)
Azimuth Error Std. Dev. (arcsec)
Elevation Error Mean (arcsec)
Elevation Error Std. Dev. (arcsec)
Azimuth Slew Rate (0-100%) (deg/sec)
Elevation Slew Rate (0-100%) (deg/sec)
Bandwidth (Hz, 100 arcsec amplitude)
Gain Margin (dB)

Wassom

Value
75
1.0
0.4
30
±60
±15
<1
<3
<0.05
<6.5
160
75
70
6

axis, and is attributed mainly to the 16-bit A/D computer
card’s peak-to-peak noise of over 15 counts, as claimed in
the card manufacturer’s specification sheet. This equates
to about 25 arcsec of peak-to-peak noise, when the 16 bit
resolution is applied to the full 30-deg mechanical angle
of the elevation axis. Some noise is also generated by the
wedge sensor electronics box. A digital moving average
filter was applied to the wedge sensor feedback, which
helped considerably. The control algorithm also contains
a derivative term in the forward loop, which tends to
enhance the noise.
The closed-loop bandwidth for each axis, as measured
using the control systems analyzer, was about 70 Hz at
the -3 dB point.
The gain margin of 6 dB was verified by doubling the
control algorithm gains in each axis and performing a step
response test to determine that the system remained
stable, which it did.
FUTURE WORK
Additional funding has been set aside for the next SDL
fiscal year to make further improvements to the FSM and
to move it closer to being ready for application to a space
mission.
All of the mechanical components are considered to be
close to space readiness. SDL has used Al mirrors in
many space missions. The mirror testing showed it to be
capable of cryogenic operation and significant
temperature variations while still maintaining the required
WFE. The voice coil technology in the elevation axis has
been used numerous times in space, as have flexural
pivots. The non-contact sensors also have space heritage.
The azimuth axis uses the same type of components
(brushless DC motor, optical encoder, ball bearings) as
SDL’s SABER scan mirror drive system, which has been
operating flawlessly for over 4 years in orbit.
Therefore, the focus of next year’s efforts will be
centered more on the development of space-type
electronics. As previously mentioned, the current
control electronics are based on commercial components
and a lab-type software implementation.
Below is a list of electronics tasks that need to be
evaluated and possibly implemented, depending on
customer requirements, to have a space-qualified FSM:
1.
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state-space methods with observers, etc.
The algorithms need to be implemented
in low-cost space-qualified processing
hardware, such as an FPGA, DSP, or
microprocessor. This may necessitate
conversion to fixed-point math, as was
done for the radiation-hardened fixedpoint microprocessor used in the SOFIE
pointing system.
3. A protocol or set of operational codes
needs to be defined to communicate
digitally with the FSM, such as
commanding it to move to a position,
querying it for the current position, etc.
4. The D/As, A/Ds, wedge sensor
electronics, and quadrature encoder
functionality need to be implemented
using space-rated components.
5. The autocoding feature of the RPM
process needs to be evaluated to
determine how much of the code
automatically generated for the control
algorithms can be used in the final
product.
6. The input power interface needs to be
defined to either use the spacecraft
power to drive the motors or else have a
customer supply the motor power.
7. COTS space-rated 3-phase motor
amplifiers need to be evaluated.
8. The launch lock needs to be defined to
mitigate damage to the FSM during the
harsh launch environment, and to
determine if any supporting electronics
are needed.
9. The thermal drift in the wedge sensor
needs to be minimized, eliminated,
mapped, and/or compensated, especially
if no outer pointing loop is available.
10. Some new approaches for the elevation
axis feedback using optical techniques
should be evaluated, one of which is
being pursued next year under separate
internal funding.
2.

Finally, the ability of the system to survive launch and the
space environment needs to be verified with a battery of
environmental tests, including shock, vibration,
thermal/vacuum testing, and lifetime testing.
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Additional tasks of a mechanical nature would also
streamline the implementation of the low-cost FSM.
One would be to develop a more precise locating and
pinning procedure for the high-precision wedge
sensor, to facilitate easier installation and calibration.
It would also be desirable to develop an automated
procedure for mapping the wedge sensor output
against temperature and angle using optical
techniques and precise temperature control.
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